Introduction
As one of the most powerful and convenient separation techniques for volatile organic compounds (VOCs), gas chromatography (GC) has been employed in various research fields of science, and many types of stationary phases have been developed and commercialized in the past several decades along with a number of applications. [1] [2] [3] Among these, open-tubular capillary columns have been successfully introduced especially for high-resolution analysis, although conventional packed columns are still employed for the routine separation of a certain class of compounds due to a unique selectivity, as a GC stationary phase, that could not be easily obtained with the typical liquid stationary phase of conventional open-tubular columns. In contrast to the unique selectivity of the conventional particle-packed columns, however, only a limited number of column efficiency could be attained, as expected from a theoretical comparison with open-tubular columns, and also from a difficultly in using a rapid temperature-programming rate.
Introducing polymer-coated fine fibrous materials as a stationary phase in GC, a significant miniaturization of the column was reported, [4] [5] [6] [7] similar to the development of microscale sample preparation devices, where the filaments were packed into a short polymeric tubing, such as polyetheretherketone or polytetrafluoroethylene to prepare capillary-based extraction cartridges. [8] [9] [10] Packed with a bundle of filaments having a polymeric coating material thereon, a parallel alignment of these filaments was formed in a short capillary, and the resulting polymer-coated fiber-packed columns showed a satisfactory separation performance with a fast temperature-programming rate in GC. 11, 12 It has been demonstrated that the use of a narrower capillary allows these columns to be operated at a fast temperature-programming rate, as compared with conventional particle-packed columns. Downsizing of the packed column also permits the use of the resulting miniaturized packed column in a modern capillary GC system without any special modification to the instruments, although the compatibility of the packed column to the temperature-programmed operation should be considered as typically reported in several publications dealing with the theoretical prediction of the retention time for separation with temperature programming. [13] [14] [15] [16] [17] [18] [19] [20] [21] In contrast to a number of papers for a theoretical prediction of the retention in GC, a comprehensive comparison of the compatibility of packed columns having different internal diameters to a rapid temperature program in a modern GC system had been quite limited. [21] [22] [23] In this work, novel packed-capillary columns were developed with a thin-wall capillary of stainless-steel, and the compatibility to a fast temperature-programmed separation was studied on the basis of a theoretical prediction of the retention by a numerical-integration method. To confirm the compatibility of the developed packed-capillary columns to the temperature program, the observed retention data of a standard sample at different temperature-programming ramps were compared with the corresponding theoretical value predicted by a set of retention data at each column temperature. 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: saito@ens.tut.ac.jp Novel packed-capillary columns for gas chromatography were developed with a thin-wall stainless-steel capillary of 1.0 mm i.d.; and rapid temperature-programmed separations have been carried out after a basic evaluation concerning the compatibility of these columns to the temperature program. With a numerical integration method, the retention of several test analytes during temperature-programmed elution was successfully estimated. In order to confirm the suitability of the packed-capillary columns to relatively fast temperature programming up to 40 C/min, theoretically predicted retention data were compared with that actually measured. The results suggested a good separation performance of the newly developed packed-capillary columns as a particle-packed column conventionally used. Also, the compatibility to a rapid temperature-programmed operation was quite satisfactory for almost all of the separations currently done in typical analytical laboratories. 
Experimental

Materials
All of the reagents and organic solvents were of analytical reagent grade, and obtained from either Kishida Chemical (Osaka, Japan), Tokyo Kasei Industries (Tokyo, Japan) or Wako Pure Chemical (Osaka, Japan). All of the gas samples were purchased from GL Sciences (Tokyo, Japan) as a small desktop gas cylinder. For preparing gaseous sample mixtures from corresponding liquid analytes, either a Tedlar Bag or an aluminum bag (GL Sciences) was used along with a glass gas vessel of 1.0 L volume (GL Sciences) for preparing initial standard gas samples, as described previously. [24] [25] [26] To the inlet of the gas sampling bags, a section TYGON tube (Saint-Gobain, Tokyo, Japan), 5 mm i.d., 7 mm o.d., 30 mm length, was attached, where the other end of the tube was capped with a silicon septum, and a syringe needle was inserted into the sampling bag through the septum. All of the sampling bags were cleaned at least five times by pure N2 before use, and the successful completion of the cleaning process was confirmed in preliminary experiments. Glass gastight syringes, micro-syringes and other miscellaneous items were all commercially available and purchased from a corresponding local distributor.
GC measurements
GC measurements were made with a Shimadzu GC-2014 gas chromatograph (Kyoto, Japan) working on a 200-V power supply. As the detector, either a thermal conductivity detector (TCD) or a flame ionization detector (FID) was employed, depending on the target compounds. For capillary column separation, a split/splitless injection port was used, while a conventional glass packed column of 3.2 mm i.d. and a stainless-steel packed column of 3.0 mm i.d. was installed to the corresponding injection port designed for packed column connection. As the carrier gas, either N2 or He was used depending on the detector employed, and the carrier gas and air were supplied from the respective gas cylinders through the cartridge packed with a molecular sieve.
Packed-capillary columns were prepared in a conventional manner, as described previously, 11 except for the use of a stainless-steel capillary of 1.0 mm i.d., 1.27 mm o.d., 1.0 m length and a packing material having a relatively smaller particle diameter, as described below, where with a careful packing the resulting column efficiency per unit length was almost the same as that of the typical conventional particle-packed columns. A pair of stainless-steel capillaries of 0.3 mm i.d., 0.52 mm o.d., 0.5 m length were attached to the inlet and outlet of the packed-capillary column, thus allowing easy installation of the packed-capillary column to a conventional GC injector designed for capillary column connection. For preparing the packing material, a Shimalite W, white diatomaceous earth, acid washed and subsequent dimethylchlorosilane (DMCS) treated (Shinwa Chemical Industries), was used as a support. The spherical porous particles of between 100 and 80 mesh, corresponding to about 150 and 180 μm in diameter, respectively, were sieved, and the specific surface area of the material was about 0.7 m 2 /g. Among various types of liquid phases for packed columns, one of the most popular liquid phases, Silicone SE-30, was employed as the liquid phase. For the coating onto the support material, a hexane solution of SE-30 was used, where the weight of the SE-30 was set at 5%-weight of the support material. The resulting packing material was packed into the stainless-steel capillary described above. The same packing material was packed into both a conventional glass column of 3.2 mm i.d. × 1.1 m and a conventional stainless-steel column of 3.0 mm i.d. × 1.0 m (Shinwa Chemical Industries) for a comparison. These columns were employed with appropriate preconditioning at 300 C for 60 h before use, and no significant bleeding was observed in the temperature range up to 300 C after this preconditioning procedure.
Typical injection and detection temperatures were set at 300 C unless otherwise specified. The other separation conditions, such as the carrier-gas flowrate, column head pressure, and temperature programs were determined by the results of preliminary experiments for each sample. The sample loading capacity of the developed packed-capillary column was quite comparable to that expected from the conventional packed capillary having a larger internal diameter. All GC measurements were conducted at least five times, and the relative standard deviations (RSDs) for the retention times were less than 1.0%. The data collection was made with ChromNAV data handling/analysis software (Jasco, Tokyo, Japan) running on a personal computer, while the calculation for retention prediction was conducted with a laboratory-made retention prediction program using an integration equation described below.
Results and Discussion
Retention prediction
Prior to a mathematical calculation for the retention prediction, the retention data of several test analytes were systematically measured at different column temperatures in the range from 50 to 200 C, where methane was used as the dead-time marker. A good linear relationship was confirmed in the resulting van't Hoff plots, where the logarithmic retention factor (ln k) was plotted against the reciprocal absolute column temperature with a correlation coefficient of more than 0.995. The retention factor of the analyte at a constant column temperature could be estimated from the linear plot, allowing for an estimation of the distance traveled by the analyte per unit time. Therefore, the infinitesimal distance traveled by the analyte along the column during "a minute time period" in a temperature-programmed elution could be calculated based on an assumption that the column temperature is constant during a short moment. Integrating the above infinitesimal distance to reach the total column length over the time interval from the injection to the elution time with the Eq. (1), where the column length is normalized to be unity, one can obtain the elution time with a particular temperature-programmed run similar to that reported previously, (
In Eq. (1), tR is the elution time of the target analyte as a function of the absolute column temperature, t0 is the elution time of the unretained analyte as a function of the absolute column temperature, T0 is the initial column temperature, and Figure 1 shows the estimated retention time based on the above calculation at various temperature-program rates, where the retention data actually measured are also plotted in the figure for a comparison. On the packed-capillary column developed in this work, the temperature-programmed elution was studied at a rate from 10 to 40 C/min with octane as the sample probe. It can be confirmed a good compatibility of the packed-capillary column to a relatively rapid temperatureprogramming rate. In order to compare the compatibility to a quick temperature program, conventional glass and stainlesssteel columns packed with the same stationary phase were also studied. For this comparison, the relative delay (RD, %) of the observed retention time from the estimated value, as defined as Eq. (2), is introduced in Fig. 2 as RD (%) (measured retention time) (estimated re = − t tention time) (estimated retention time)
. × 100 RD (%) (measured retention time) (estimated re = − t tention time) (estimated retention time) . × 100 (2) Compared to the conventional glass and stainless-steel columns having a larger internal diameter and a thick tube wall, the developed packed-capillary column shows a quite short delay from the expected retention time, especially at a fast temperature-programming rate, such as 40 C/min, indicating an excellent compatibility of the packed-capillary column to the fast temperature program.
As can be expected, conventional columns made of both glass and stainless-steel showed a significant delay from the temperature program with increasing the program rate, and a larger delay was also observed at a higher linear velocity of the carrier gas. Taking into account other miscellaneous parameters that could affect the variance of the retention time, such as the linear velocity of the carrier gas, the observed delay of the retention time on the packed-capillary column, less than 4.6%, can be quite acceptable as a GC column, suggesting a satisfactory performance of the packed-capillary column to the temperature-programmed separation of complex mixtures.
Compatibility of packed-capillary columns to rapid temperatureprogrammed elution
Upon successful confirmation of the temperature-program compatibility of the packed-capillary column, the separation of an alkane mixture was carried out with a different temperature program. In Fig. 3 , typical chromatograms for the separation of a mixture containing nine alkanes from decane to octadecane are illustrated, where all of the conditions except for the temperature-programming rate, are the same in these chromatograms.
A similar rapid separation of seven alkylbenzenes, containing from butylbenzene to decylbenzene, was also confirmed, as shown in Fig. 4 . These results indicate that rapid temperature-programmed separations at 40 C/min could be possible with this packed-capillary column, where a satisfactory separation performance is maintained with a short analysis time without significantly reducing the sample loading capacity as a packed column.
In order to confirm the advantageous feature of a packed-capillary column for rapid separation with quick temperature-programming rates, another stationary phase was introduced. After the same preliminary experiments and a subsequent retention prediction procedure as the SE-30 phase described earlier, applications to the rapid temperatureprogrammed separation were studied on another capillary column packed with a Shincarbon ST (Shinwa Chemical Industries) material. Before column preparation, spherical particles of between 100 and 80 mesh, corresponding to about 150 and 180 μm in diameter, respectively, were sieved. Because of the unique selectivity to inorganic gases having a high volatility that could not be separated easily on typical open-tubular capillary columns, the above stationary phase has been employed as a packing material of conventional packed columns. By introducing a rapid temperature program to the packed-capillary column, as shown in Fig. 5A , a complete separation of oxygen, nitrogen, carbon monoxide and carbon dioxide was established along with the simultaneous separation of methane, ethylene and ethane, where the detection was conducted with the TCD set at 350 C. Figure 5B illustrates the separation of several VOCs on the packed-capillary column at a higher temperature-programming rate, suggesting the future possibility of this stationary phase to applications in gas and petrochemical industries along with other research fields, such as environmental analysis and biological gas analysis.
Conclusions
Although further discussions should be needed to reach the final conclusion of an acceptable delay from the temperature program on a packed GC column having a characteristic selectivity over an open-tubular capillary column, the packed-capillary columns developed in this work clearly demonstrate a good compatibility to rapid temperature-programmed elution. The advantageous features of the packed-capillary column, such as a unique selectivity and a good sample loading capacity, could make itself to be an attractive separation medium for the high-throughput analysis of various complex mixtures consisting of many components.
The developed packed-capillary columns can be installed to a conventional capillary GC system without any modifications and adapters, allowing for an easy introduction of the packed-capillary columns to most of the modern GC instruments widely employed with a commercially available open-tubular capillary column. A more comprehensive study for a precise interpretation of the effect of rapid temperature programming on the separation, including the temperature ununiformity in the packed column and resulting peak shape, 30 is currently being pursued in our laboratory.
